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Abstract
Cellular differentiation depends on temporally controlled waves of gene activation and inactivation that ultimately transform 
one cell type into another. It is well established that transcription factor cascades coordinate the timely activation of gene 
expression clusters during development. In comparison, much less is understood about how gene repression events are coor-
dinated with the transcription factor-driven waves of gene activation and how this repression is achieved at a mechanistic 
level. Using budding yeast as a model, we recently discovered a new gene regulatory event, whereby a central meiotic tran-
scription factor induces the expression of an mRNA isoform to repress gene expression through an integrated transcriptional 
and translational mechanism. This new model could explain how gene activation and inactivation waves can be temporally 
coordinated. In this review, we discuss our findings and their potential implications.
Keywords Meiosis · Gene regulation · Transcription · Translation · mRNA
Introduction
The time and location of gene expression affect how organ-
isms differentiate their cells into distinct lineages. While 
protein degradation and translational regulation affect the 
final level and localization of protein output, transcription 
factors are considered to be the dominant drivers of gene 
regulation throughout development. Well-known examples 
include the Hox genes and the Yamanaka factors. Hox gene 
expression patterns in the developing embryo dictate where 
along the anterior–posterior axis individual body parts will 
be in the adult organism (Krumlauf 1994). The Yamanaka 
factors—Oct4, Sox2, KLF4, c-Myc—are essential for main-
taining stem cell pluripotency (Takahashi and Yamanaka 
2006). Their expression is sufficient to reprogram differen-
tiated cells into an undifferentiated state. Studies of these 
and other transcription factor families have provided invalu-
able insights into how gene activation can drive develop-
mental programs. However, an equally important feature of 
cellular differentiation, that is gene repression, is often over-
looked when considering transcription factor-driven gene 
expression programs. Consequently, the role of transcrip-
tion factors in directly repressing gene expression remains 
understudied.
The teaching of central dogma states that one gene serves 
as a template for one type of mRNA. This mRNA in turn 
acts as a template for the production of a single protein prod-
uct. It is widely accepted that this view is simplistic and 
does not capture the biological complexity of gene regula-
tion. We now know that alternative splicing can produce 
hundreds of mRNA isoforms from a single gene. We know 
that non-coding RNAs make up a greater portion of the tran-
scriptome than coding RNAs, and that these untranslated 
RNAs, such as micro-RNAs or long non-coding RNAs, 
play essential roles in organisms across eukaryotes (Brown 
et al. 1992; Lee et al. 1993; Mercer et al. 2009; Wightman 
et al. 1993). The mechanisms by which long non-coding 
RNAs affect gene regulation are varied. They can act in cis 
or trans, as antisense or intergenic transcripts, they can be 
either repressive or activating, be structural, alter chromatin 
states, or cause gene looping (Marchese et al. 2017; Sole 
et al. 2015; Wu et al. 2017). The unifying characteristic is 
that they are not translated. However, we are still very much 
attached to the notion that mRNA molecules (i.e., those that 
are capped, polyadenylated, and engaged with the ribosome) 
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are translated. Their translation may be temporally delayed, 
as is the case for CLB3 and SSP2 in budding yeast meiosis, 
or their translation may only occur under specific circum-
stances as is the case for the upstream open reading frame 
(uORF) repressed GCN4 and ATF4 transcripts (Harding 
et al. 2000; Jin and Neiman 2016; Mueller and Hinnebusch 
1986). In other words, translational repression is widely 
viewed as a switch-like mechanism, where translation of the 
ORF is repressed under certain conditions, but this repres-
sion can be bypassed under other conditions.
Recently, we uncovered a novel mechanism, where a 
developmental transcription factor induces the expression 
of an mRNA that serves a purely regulatory function. This 
mRNA is not translated into a functional protein due to the 
uORFs in its 5′ leader region (Chen et al. 2017). Instead, it 
serves to inactivate a gene through an integrated transcrip-
tional and translational mechanism (Chen et al. 2017; Chia 
et al. 2017). This new insight challenges the assumption that 
mRNA molecules must produce the gene product encoded in 
their open reading frames and provides a fresh perspective 
on gene regulation.
A 5′‑extended mRNA represses kinetochore 
function
Our studies of kinetochore regulation during meiosis in bud-
ding yeast initially confirmed what we and others had seen 
previously: the essential kinetochore protein Ndc80 is down-
regulated during meiotic S-phase and prophase (Asakawa 
et al. 2005; Chen et al. 2017; Kim et al. 2013; Meyer et al. 
2015; Miller et al. 2012; Sun et al. 2011). This assists in 
kinetochore remodeling which allows homologous chromo-
somes to be segregated in meiosis I. A deeper investiga-
tion into the mechanism by which the Ndc80 protein level 
decreases led us to discover an initially counterintuitive 
mechanism by which cells can downregulate gene expres-
sion in a cell (Fig. 1).
At the NDC80 locus, a 5′-extended transcript isoform is 
expressed exclusively during meiosis. It is developmentally 
regulated by the master meiotic transcription factor Ime1 
and its binding partner Ume6 (Bowdish et al. 1995; Chen 
et al. 2017; Park et al. 1992; Washburn and Esposito 2001). 
The extended transcript contains 9 uORFs in addition to 
the entire NDC80 coding sequence. Using single molecule 
fluorescence in  situ hybridization, we have shown that 
this transcript is exported from the nucleus. Its translation 
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•Ndc80 protein is translated
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Fig. 1  Schematic description of luti-mRNA gene regulation at the 
NDC80 locus. In both panels, a depiction of the genomic NDC80 
locus is shown above a representation of the chromatin modifica-
tions and nucleosome positions at that locus. a NDC80luti is repressed 
by Ume6. The NDC80ORF promoter is depleted of nucleosomes. 
NDC80ORF is actively transcribed; it is exported to the cytoplasm 
and used by the ribosome to produce Ndc80 protein. b  NDC80luti 
is expressed upon interaction of Ume6 with the meiotic transcrip-
tion factor Ime1. Transcription of NDC80luti leads to an increase in 
both nucleosome occupancy and H3K4me2 and H3K36me3 chro-
matin modifications across the NDC80ORF promoter. Initiation of 
NDC80ORF is prevented. NDC80luti transcripts are exported to the 
cytoplasm and engaged by the ribosome. uORFs are translated, but 
Ndc80 protein is not translated from this mRNA
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status, determined by ribosome profiling, confirms that the 
extended transcript is engaged with the ribosome (Brar et al. 
2012; Chen et al. 2017; Miller et al. 2012). By all accounts, 
this RNA molecule would be considered an mRNA. Intrigu-
ingly, due to the uORFs, it cannot be translated. For this 
reason, we have termed this class of RNAs, luti-mRNAs, for 
long undecoded transcript isoform mRNAs and for which 
NDC80 is the founding member. The undecoded NDC80 
isoform is referred to as NDC80luti, while the canonical tran-
script, which is translated into Ndc80 protein, is referred to 
as NDC80ORF.
In addition to being translationally repressed, NDC80luti 
expression blocks transcription initiation at the NDC80ORF 
promoter. When Ime1 induces NDC80luti, RNA polymer-
ase II (pol II) complex is recruited to the distal promoter 
and transcription elongation occurs across the proximal 
NDC80ORFpromoter. This causes an increase in repressive 
histone modifications, namely H3 lysine 4 dimethylation 
(H3K4me2) and H3 lysine 36 trimethylation (H3K36me3), 
over what had previously been an active promoter (Chia 
et al. 2017). Both marks are co-transcriptionally deposited 
in a pol II-dependent manner and are involved in repressing 
cryptic transcription initiation within gene bodies (Carrozza 
et al. 2005; Keogh et al. 2005; Kim and Buratowski 2009; Li 
et al. 2003; Ng et al. 2003; Xiao et al. 2003). Their deposi-
tion at the NDC80ORFpromoter, however, correlates with the 
repression of a previously active promoter. Furthermore, an 
increase in nucleosome occupancy upon NDC80luti expres-
sion is dependent on the conserved chromatin associated 
proteins: Set3, a member of the Set3C histone deacety-
lase complex, and Set2, an H3K36me3 methyltransferase 
(Pijnappel et al. 2001; Strahl et al. 2002). When depos-
ited over the canonical NDC80 promoter, H3K4me2 and 
H3K36me3 together increase nucleosome occupancy, which 
in turn inhibits transcription initiation at the NDC80ORFpro-
moter (Chia et al. 2017).
When we consider both the transcriptional and transla-
tional methods utilized by the cell to affect Ndc80 protein 
levels together, a fuller picture of gene regulation at this 
locus begins to emerge. An mRNA transcript, from which 
the ribosome does not translate full-length protein, still 
serves a key function. The act of its transcription leads to 
the recruitment of chromatin modifying enzymes—thought 
to prevent spurious initiation within gene bodies. In the case 
of NDC80, initiation of transcription upstream of active 
promoters serves as a cis-mediated mechanism to prevent 
transcription of downstream mRNA isoforms during a devel-
opmental program. This unexpected one-two punch of both 
transcriptional and translational repression in such a non-
canonical manner calls for further investigation for other 
instances by which the integration of multiple steps in gene 
regulation determines the final gene output. In addition, we 
must not forget to consider the role of protein stability in all 
gene expression studies as evidence suggests that Ndc80 is 
actively degraded in meiotic prophase (Jingxun Chen, per-
sonal communication).
Later in meiosis, kinetochores must be active in order 
to segregate chromosomes. This occurs through the re-
expression of Ndc80 protein. Instead of changing the trans-
lational status of NDC80luti as in the case of GCN4, the cells 
evolved a different solution to produce Ndc80 protein. This 
strategy relies on a switch in promoter usage, from distal 
to proximal, which is dictated by at least two events: The 
first is the reduction in Ime1 levels as cells progress through 
meiosis (Brar et al. 2012). This leads to reduced expression 
of NDC80luti, which likely dampens luti-mRNA-mediated 
repression of NDC80ORF. Second, and more importantly, the 
increased activity of Ndt80, a transcription factor known 
to be responsible for the subsequent major wave of gene 
expression, induces the protein coding NDC80 mRNA 
isoform, NDC80ORF (Chen et al. 2017; Chu and Herskow-
itz 1998; Xu et al. 1995). As a result, Ndc80 protein is 
expressed, permitting re-activation of kinetochores to seg-
regate meiotic chromosomes. This finding further highlights 
how a developmental switch in promoter usage can cause 
coordinated expression of two disparate mRNA isoforms to 
achieve precise temporal control of protein translation dur-
ing cellular differentiation.
luti‑mRNAs in additional contexts
A luti-mRNA as we have defined it has three essential fea-
tures: (1) it has a 5′-extended leader sequence, (2) it is not 
decoded by the ribosome and, therefore, does not produce 
a functional full-length protein, and (3) it is regulated by 
condition-specific transcription factors. Additionally, for a 
luti-mRNA to repress gene expression, it must prevent tran-
scription initiation from the downstream gene promoter. This 
final feature is not necessary for a transcript to be called a 
luti-mRNA, but it is necessary for it to have the strongest 
repressive effect on gene expression. Considering that alter-
native start site usage (Aanes et al. 2013; Batut et al. 2013; 
Kimura et al. 2006), translation of repressive uORFs (Calvo 
et al. 2009; Chew et al. 2016; Johnstone et al. 2016), condi-
tional regulation of gene expression by transcription factors, 
and inhibition of transcription initiation at sites of overlap-
ping transcription have all been individually observed in 
organisms from yeast to humans (Corbin and Maniatis 1989; 
Eissenberg and Shilatifard 2010; Shearwin et al. 2005; Wag-
ner and Carpenter 2012), we speculate that the luti-mRNA 
mechanism of gene repression is widespread.
In budding yeast, hundreds of transcripts with 5′-extended 
leaders are expressed in meiosis; the majority of which 
also contain translated AUG initiated uORFs, as observed 
by ribosome profiling (Brar et al. 2012). On an individual 
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gene basis, BOI1, which is involved in polarized growth, 
has an extended meiosis-specific transcript that, similar to 
NDC80luti, is repressed by the mitotic repressor of meiotic 
genes Ume6 (Liu et al. 2015). In another case, it was dem-
onstrated that the origin of recognition gene ORC1 has an 
extended transcript that is regulated by the mid-meiotic 
transcription factor Ndt80 (Xie et al. 2016). We predict that 
other extended meiotic transcript isoforms are regulated by 
these two master transcription factors and that upon further 
investigation many will prove to be translationally repressed 
luti-mRNAs.
Outside of meiosis, 5′-extended transcripts appear when 
budding yeast cells are shifted between carbon sources such 
as from dextrose to galactose. This appears to rely on the 
same chromatin-associated proteins Set2 and Set3 that are 
necessary for NDC80ORF transcriptional repression (Kim 
et al. 2016, 2012). The extent to which the carbon source-
dependent extended transcripts are translationally inhibited 
is still unknown. Implementation of techniques such as ribo-
some profiling may uncover a mechanism of translational 
repression in addition to transcriptional repression just as in 
the case of NDC80.
In addition, a recent paper described a phenomenon 
where, upon zinc depletion, budding yeast cells induce the 
expression of 5′-extended transcript isoform at the RTC4 
gene locus. This is mediated by the transcription factor Zap1 
and produces a transcript that is not translated into Rtc4 
protein (Taggart et al. 2017). Besides NDC80, this is the 
only frequently referred to as theother case of what could 
be referred to as a bona fide luti-mRNA, because both the 
transcriptional regulation and the translational status of 
the extended isoform were assessed. Their observation of 
a decrease in the coding RTC4 transcript and Rtc4 protein 
upon zinc starvation points towards a yet-to-be-determined 
mechanism by which the extended RTC4 transcript represses 
downstream transcription initiation. Increases in H3K4me2 
and H3K36me3 across the promoter of the shorter transcript 
may very well prove to be involved again.
These three examples, where luti-mRNAs appear to be 
expressed, all represent rapidly changing conditions where 
gene expression is highly dynamic. Therefore, the new 
cases of luti-mRNAs are likely to be observed in analogous 
contexts such as during differentiation or in response to 
environmental stress. Yeast meiosis, with its dynamic gene 
expression pattern and tractability, has enabled us to dissect 
each step at which a luti-mRNA affects gene regulation. We 
can now use this information as a roadmap to explore luti-
mRNAs in more complex genomes.
Approximately, 50% of mouse, > 40% of drosophila, and 
30–50% of human genes have alternative start site usage 
during development (Batut et al. 2013; Kimura et al. 2006). 
In those same organisms, uORF translation is prevalent 
with an estimated 50% of human genes harboring translated 
uORFs (Calvo et al. 2009; Chew et al. 2016; Dunn et al. 
2013; Johnstone et al. 2016). Transcription-coupled chroma-
tin modifications are also highly conserved across evolution 
(Eissenberg and Shilatifard 2010; Wagner and Carpenter 
2012). Therefore, it does not seem far-fetched to propose 
that the form of regulation controlling the NDC80 locus in 
budding yeast meiosis could be responsible for fine-tuning 
gene expression in other organisms.
One intriguing example comes from the study of gene 
regulation during neuronal differentiation of human embry-
onic stem cells. The translational efficiency (TE) of hun-
dreds of genes varies during this developmental process. It 
was recently shown that the genes with variable TE during 
differentiation also experience changes in ribosome occu-
pancy over their 5′ leaders. Furthermore, the authors con-
cluded that the changes in TE are dominated not by changes 
in the ribosome composition but by transcript isoform usage 
(Blair 2017). Could these be luti-mRNAs? Investigation of 
the transcriptional regulation controlling isoform usage 
would shed more light on the role that luti-mRNAs may 
play in neuronal differentiation.
Why luti‑mRNAs?
Upon first glance, this mode of gene regulation appears 
counterintuitive. Why would a cell utilize transcription acti-
vators to inhibit gene expression? Why would a cell tran-
scribe mRNAs that cannot produce protein? Why would a 
cell repress gene promoters by distal transcription of mRNA 
isoforms? Although the “why” questions are extremely dif-
ficult to answer in biology, we will describe our perspective 
on the logic of this gene repression mechanism.
Over evolutionary time, it is thought that cis-regulatory 
mechanisms are the dominant drivers of changes in gene 
expression (Carroll 2008; Stern and Orgogozo 2008; Witt-
kopp and Kalay 2011). Most developmental processes use 
a small number of transcription factors to turn on hundreds 
or even thousands of targets. If the transcription factor was 
to change in function, it would affect the levels of all of its 
targets, likely to the detriment of the organism. However, 
small changes to the regulatory regions of target genes allow 
for the tuning of gene expression (Carroll 2008). We propose 
that this is how luti-mRNA regulation arose. Small changes 
in the regulatory sequence that co-opted existing transcrip-
tion factors to produce 5′ extended transcript isoforms ena-
bled these genes to now be controlled by the luti-mRNA 
mechanism. These isoforms most likely already had uORFs, 
as short open reading frames are pervasive outside of coding 
regions (Chew et al. 2016). Thus, mutations in the regulatory 
regions over time may have evolved to allow transcription 
factors to behave as both activators and repressors. Through 
this pathway, transcription factors would gain a wider range 
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of regulatory potential without having to evolve novel trans-
acting factors.
Having the same transcription factor tuning gene expres-
sion both up and down could also provide regulatory advan-
tages in development. As stated above, a few transcription 
factors usually regulate a large number of targets. In the case 
of budding yeast meiosis, the relay between two transcrip-
tion factors, Ime1 and Ndt80, controls the landmark events 
in meiotic differentiation (Chu and Herskowitz 1998; van 
Werven and Amon 2011; Xu et al. 1995). In contrast, a situa-
tion in which a transcriptional activator  must be coordinated 
with the activity of a transcriptional repressor to produce the 
same gene expression output would require more “parts” 
and more co-regulation than what we have observed. Fur-
thermore, inhibiting the expression of genes, whose func-
tions are no longer required, or can even be detrimental for 
a given developmental stage, is as important as activating 
gene expression. Therefore, luti-mRNAs provide a clever 
solution to temporally coordinate gene repression with the 
transcription-factor driven waves of gene activation.
The prototype view of uORF-mediated translational regu-
lation comes from the elegant studies of GCN4, the tran-
scriptional activator of amino acid biosynthetic genes (Muel-
ler and Hinnebusch 1986). GCN4 expression is controlled by 
a switch-like mechanism where the uORFs repress transla-
tion of the GCN4 mRNA in nutrient-rich conditions, but this 
translational repression is relieved upon nutrient starvation 
(Mueller and Hinnebusch 1986). In other words, whether 
or not a cell expresses Gcn4protein under different condi-
tions is primarily determined by the translational status of 
a single GCN4 mRNA isoform. In the case of luti-mRNAs, 
the uORF-mediated translational repression renders the luti-
mRNA permanently non-coding. Because of the perpetual 
nature of this translational repression, whether or not a cell 
expresses protein under different conditions is instead deter-
mined by a switch in promoter usage. The promoter choice 
for luti versus coding mRNA ultimately determines whether 
a gene is turned on or turned off by a given transcription fac-
tor. In addition to tuning the translational capacity of a given 
mRNA, we propose that the function of some uORFs is to 
completely shutdown translation of regulatory luti-mRNAs.
In luti-mRNA-mediated gene repression, the luti-mRNA 
contains the entire ORF of a protein in addition to its 
extended 5′-leader. Why might cells not just produce short, 
prematurely terminated transcripts? In the case of NDC80luti, 
premature termination of the transcript abrogates its repres-
sive activity (Chen et al. 2017). It is possible that, for genes 
prone to repression by luti-mRNAs, transcription termina-
tion before the proximal promoter would not recruit suffi-
cient levels of repressive chromatin modifications and would 
not affect nucleosome position. If true, then the transcript 
should not be terminated before the proximal promoter, but 
it should also not be terminated within the gene, so as to 
prevent disruption of the ORF in the coding mRNA iso-
forms. As a result,  repressive luti-mRNAs contain entire 
ORFs. However, there are cases of non-coding intergenic 
RNAs in budding yeast, such as SER3 and IRT1 where sense 
transcription near the downstream promoter prevents initia-
tion (Martens et al. 2004; van Werven et al. 2012). It is pos-
sible that a prematurely terminated transcript can give rise to 
repression, but only if the terminator is directly adjacent to 
the proximal promoter. The pervasiveness of this configura-
tion remains to be examined.
Finally, luti-mRNA-mediated gene repression is highly 
dynamic and tunable. While such plasticity may be espe-
cially critical during cell fate transitions to enable rapid 
adaptation to internal as well as external changes, it could 
also impact gene expression programs in a broader biologi-
cal context such as during signaling and metabolic pathways. 
The repressive chromatin marks, which are established at 
proximal gene promoters as a result of luti-mRNA transcrip-
tion, can be rapidly reversed. In the case of NDC80luti, when 
its expression is halted, the chromatin modifications are 
removed within 15 min, followed by the return of NDC80ORF 
and Ndc80 protein expression (Chia et al. 2017). This, along 
with recent studies of chromatin remodelers and histone 
demethylases, prompts us to revisit the question of how sta-
ble chromatin modifications are (Perino and Veenstra 2016). 
However, it is worth noting that in organisms with DNA 
methylation, luti-mRNA regulation could serve to recruit 
H3K36me3-dependent DNA methyltransferases, such as 
DNMT3B, to permanently silence gene expression (Jezior-
ska et al. 2017; Morselli et al. 2015; Neri et al. 2017).
A future for luti‑mRNA identification
To identify luti-mRNAs, both transcription and translation 
must be studied hand in hand. RNA-seq has long been a 
staple of gene expression studies, but as ribosome profiling 
has demonstrated, studying RNA abundance alone does not 
reflect protein abundance in the cell (Ingolia et al. 2009). 
Codon optimality, 3′ UTR features, and 5′ UTR features 
are all expected to affect how well a transcript is translated 
(Barrett et al. 2012; Pop et al. 2014). Our investigation has 
conclusively demonstrated that uORFs in the 5′-leader of 
NDC80luti (frequently referred to as the 5′ UTR) do affect 
how well the transcript is translated, but that is not the 
only reason why translation decreases when NDC80lutiis 
expressed. The repression of NDC80ORF  by increased 
repressive chromatin modifications and nucleosome occu-
pancy decreases the abundance of the isoform necessary 
for productive translation of Ndc80 protein (Chia et al. 
2017). Without considering both the transcriptional and 
translational effects that a single transcript isoform could 
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have on gene regulation, our mechanism would have been 
overlooked.
The first hurdle in identifying luti-mRNAs in other organ-
isms will be identifying potential luti-mRNA transcript iso-
forms with high confidence. Recent advances in long read 
sequencing technologies have opened the door for transcript 
isoform identification. Both PacBio and Nanopore sequenc-
ing technologies can sequence entire mRNA transcripts with 
a single read (Au et al. 2013; Bolisetty et al. 2015). This 
circumvents the need to fragment the nucleic acid before 
performing RNA-seq. Instead of relying on maximum like-
lihood modeled transcript identification, these “3rd genera-
tion” sequencing platforms provide direct evidence for tran-
script isoform expression. Technologies such as these will be 
invaluable in identifying true full-length luti-mRNAs, which 
contain the entire ORF of a gene, from truncated transcripts 
that only partially overlap with a gene’s ORF (Table 1). 
Once putative luti-mRNA isoforms are identified, techniques 
such as ribosome profiling can be utilized to call which tran-
scripts have translated uORFs (Ingolia et al. 2009) (Table 1). 
The translational status of the luti-mRNAs can be further 
dissected by Transcript Isoforms in Polysomes sequencing 
(TrIP-seq) (Floor and Doudna 2016) (Table 1).
The final aspect of luti-mRNA-mediated repression that 
must be further characterized is its ability to affect protein 
output. This will depend on how stable the protein is. Clas-
sical methods such as immunoblotting and reporter assays 
can reveal changes in protein expression. However, recent 
advances in quantitative mass spectrometry will allow this 
third layer of gene regulation to be investigated in the con-
text of luti-mRNAs on a proteome-wide scale. Without con-
sidering effects on protein levels, the impact of luti-mRNA 
regulation cannot be fully understood. This is yet another 
reason why we should perform studies that integrate analy-
ses at each step of gene expression. Without such compre-
hensive studies, we have only a limited view of gene regula-
tion and can merely speculate as to what other mechanisms 
cells may be employing to ensure that gene expression is 
accurate and reproducible throughout development.
Acknowledgements We would like to thank Leon Chan and Jingxun 
Chen for their constructive comments on the manuscript. EÜ is sup-
ported by funds from the Pew Charitable Trusts, Damon Runyon Can-
cer Research Foundation, March of Dimes, National Institute of Health 
(DP2 AG055946-01) and Glenn Foundation for Medical Research.
Open Access This article is distributed under the terms of the Creative 
Commons Attribution 4.0 International License (http://creativecom-
mons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
References
Aanes H, Ostrup O, Andersen IS, Moen LF, Mathavan S, Collas P, 
Alestrom P (2013) Differential transcript isoform usage pre- and 
post-zygotic genome activation in zebrafish. BMC Genom 14:331
Asakawa H, Hayashi A, Haraguchi T, Hiraoka Y (2005) Dissociation of 
the Nuf2-Ndc80 complex releases centromeres from the spindle-
pole body during meiotic prophase in fission yeast. Mol Biol Cell 
16:2325–2338
Au KF, Sebastiano V, Afshar PT, Durruthy JD, Lee L, Williams BA, 
van Bakel H, Schadt EE, Reijo-Pera RA, Underwood JG et al 
(2013) Characterization of the human ESC transcriptome by 
hybrid sequencing. Proc Natl Acad Sci U S A 110:E4821–E4830
Barrett LW, Fletcher S, Wilton SD (2012) Regulation of eukaryotic 
gene expression by the untranslated gene regions and other non-
coding elements. Cell Mol Life Sci 69:3613–3634
Batut P, Dobin A, Plessy C, Carninci P, Gingeras TR (2013) High-
fidelity promoter profiling reveals widespread alternative pro-
moter usage and transposon-driven developmental gene expres-
sion. Genome Res 23:169–180
Blair JD, Doudna HD, Bateup JA, Floor HS SN (2017). Widespread 
translational remodeling during human neuronal differentiation. 
bioRxiv
Bolisetty MT, Rajadinakaran G, Graveley BR (2015) Determining 
exon connectivity in complex mRNAs by nanopore sequencing. 
Genome Biol 16:204
Bowdish KS, Yuan HE, Mitchell AP (1995) Positive control of yeast 
meiotic genes by the negative regulator UME6. Mol Cell Biol 
15:2955–2961
Brar GA, Yassour M, Friedman N, Regev A, Ingolia NT, Weissman 
JS (2012) High-resolution view of the yeast meiotic program 
revealed by ribosome profiling. Science 335:552–557
Brown CJ, Hendrich BD, Rupert JL, Lafreniere RG, Xing Y, Lawrence 
J, Willard HF (1992) The human XIST gene: analysis of a 17 kb 
inactive X-specific RNA that contains conserved repeats and is 
highly localized within the nucleus. Cell 71:527–542
Calvo SE, Pagliarini DJ, Mootha VK (2009) Upstream open read-
ing frames cause widespread reduction of protein expression 
and are polymorphic among humans. Proc Natl Acad Sci USA 
106:7507–7512
Carroll SB (2008) Evo-devo and an expanding evolutionary synthesis: 
a genetic theory of morphological evolution. Cell 134:25–36
Carrozza MJ, Li B, Florens L, Suganuma T, Swanson SK, Lee KK, 
Shia WJ, Anderson S, Yates J, Washburn MP et al (2005) Histone 
H3 methylation by Set2 directs deacetylation of coding regions 
Table 1  Methods to identify 
luti-mRNAs luti-mRNA characteristic Method for genome-wide identification
1. Extended 5′ leader Nanopore or PacBio sequencing
2. Temporally regulated expression Transcription factor ChIP-seq or ChIP-exo
3. Poor translational efficiency TrIP-seq, ribosome profiling
4. Repression of a downstream ORF ChIP-seq, MNase-seq, Nanopore or 
PacBio sequencing in mutant cells
587Current Genetics (2018) 64:581–588 
1 3
by Rpd3S to suppress spurious intragenic transcription. Cell 
123:581–592
Chen J, Tresenrider A, Chia M, McSwiggen DT, Spedale G, Jorgensen 
V, Liao H, van Werven FJ, Unal E (2017). Kinetochore inactiva-
tion by expression of a repressive mRNA. Elife 6
Chew GL, Pauli A, Schier AF (2016). Conservation of uORF repres-
siveness and sequence features in mouse, human and zebrafish. 
Nat Commun 7:11663
Chia M, Tresenrider A, Chen J, Spedale G, Jorgensen V, Unal E, van 
Werven FJ (2017). Transcription of a 5′ extended mRNA isoform 
directs dynamic chromatin changes and interference of a down-
stream promoter. Elife 6
Chu S, Herskowitz I (1998) Gametogenesis in yeast is regulated by a 
transcriptional cascade dependent on Ndt80. Mol Cell 1:685–696
Corbin V, Maniatis T (1989) Role of transcriptional interference 
in the Drosophila melanogaster Adh promoter switch. Nature 
337:279–282
Dunn JG, Foo CK, Belletier NG, Gavis ER, Weissman JS (2013). 
Ribosome profiling reveals pervasive and regulated stop codon 
readthrough in Drosophila melanogaster. Elife 2, e01179
Eissenberg JC, Shilatifard A (2010) Histone H3 lysine 4 (H3K4) meth-
ylation in development and differentiation. Dev Biol 339:240–249
Floor SN, Doudna JA (2016). Tunable protein synthesis by transcript 
isoforms in human cells. Elife 5
Harding HP, Novoa I, Zhang Y, Zeng H, Wek R, Schapira M, Ron 
D (2000) Regulated translation initiation controls stress-induced 
gene expression in mammalian cells. Mol Cell 6:1099–1108
Ingolia NT, Ghaemmaghami S, Newman JR, Weissman JS (2009) 
Genome-wide analysis in vivo of translation with nucleotide reso-
lution using ribosome profiling. Science 324:218–223
Jeziorska DM, Murray RJS, De Gobbi M, Gaentzsch R, Garrick D, 
Ayyub H, Chen T, Li E, Telenius J, Lynch M et al. (2017). DNA 
methylation of intragenic CpG islands depends on their transcrip-
tional activity during differentiation and disease. Proc Natl Acad 
Sci USA 114:E7526–E7535
Jin L, Neiman AM (2016) Post-transcriptional regulation in budding 
yeast meiosis. Curr Genet 62:313–315
Johnstone TG, Bazzini AA, Giraldez AJ (2016) Upstream ORFs 
are prevalent translational repressors in vertebrates. EMBO J 
35:706–723
Keogh MC, Kurdistani SK, Morris SA, Ahn SH, Podolny V, Collins 
SR, Schuldiner M, Chin K, Punna T, Thompson NJ et al (2005) 
Cotranscriptional set2 methylation of histone H3 lysine 36 recruits 
a repressive Rpd3 complex. Cell 123:593–605
Kim T, Buratowski S (2009) Dimethylation of H3K4 by Set1 recruits 
the Set3 histone deacetylase complex to 5′ transcribed regions. 
Cell 137:259–272
Kim T, Xu Z, Clauder-Munster S, Steinmetz LM, Buratowski S (2012) 
Set3 HDAC mediates effects of overlapping noncoding transcrip-
tion on gene induction kinetics. Cell 150:1158–1169
Kim S, Meyer R, Chuong H, Dawson DS (2013) Dual mechanisms pre-
vent premature chromosome segregation during meiosis. Genes 
Dev 27:2139–2146
Kim JH, Lee BB, Oh YM, Zhu C, Steinmetz LM, Lee Y, Kim WK, 
Lee SB, Buratowski S, Kim T (2016) Modulation of mRNA and 
lncRNA expression dynamics by the Set2-Rpd3S pathway. Nat 
Commun 7:13534
Kimura K, Wakamatsu A, Suzuki Y, Ota T, Nishikawa T, Yamashita 
R, Yamamoto J, Sekine M, Tsuritani K, Wakaguri H et al (2006) 
Diversification of transcriptional modulation: large-scale identi-
fication and characterization of putative alternative promoters of 
human genes. Genome Res 16:55–65
Krumlauf R (1994) Hox genes in vertebrate development. Cell 
78:191–201
Lee RC, Feinbaum RL, Ambros V (1993). The C. Elegans heterochro-
nic gene lin-4 encodes small RNAs with antisense complementa-
rity to lin-14. Cell 75:843–854
Li B, Howe L, Anderson S, Yates JR III, Workman JL (2003). The Set2 
histone methyltransferase functions through the phosphorylated 
carboxyl-terminal domain of RNA polymerase II. J Biol Chem 
278, 8897–8903
Liu Y, Stuparevic I, Xie B, Becker E, Law MJ, Primig M (2015) The 
conserved histone deacetylase Rpd3 and the DNA binding regu-
lator Ume6 repress BOI1’s meiotic transcript isoform during 
vegetative growth in Saccharomyces cerevisiae. Mol Microbiol 
96:861–874
Marchese FP, Raimondi I, Huarte M (2017) The multidimensional 
mechanisms of long noncoding RNA function. Genome Biol 
18:206
Martens JA, Laprade L, Winston F (2004) Intergenic transcription is 
required to repress the Saccharomyces cerevisiae SER3 gene. 
Nature 429:571–574
Mercer TR, Dinger ME, Mattick JS (2009) Long non-coding RNAs: 
insights into functions. Nat Rev Genet 10:155–159
Meyer RE, Chuong HH, Hild M, Hansen CL, Kinter M, Dawson 
DS (2015) Ipl1/Aurora-B is necessary for kinetochore restruc-
turing in meiosis I in Saccharomyces cerevisiae. Mol Biol Cell 
26:2986–3000
Miller MP, Unal E, Brar GA, Amon A (2012) Meiosis I chromosome 
segregation is established through regulation of microtubule-
kinetochore interactions. Elife 1:e00117
Morselli M, Pastor WA, Montanini B, Nee K, Ferrari R, Fu K, Bonora 
G, Rubbi L, Clark AT, Ottonello S et al. (2015) In vivo targeting 
of de novo DNA methylation by histone modifications in yeast 
and mouse. Elife 4:e06205
Mueller PP, Hinnebusch AG (1986) Multiple upstream AUG codons 
mediate translational control of GCN4. Cell 45:201–207
Neri F, Rapelli S, Krepelova A, Incarnato D, Parlato C, Basile G, Mal-
dotti M, Anselmi F, Oliviero S (2017) Intragenic DNA methyla-
tion prevents spurious transcription initiation. Nature 543:72–77
Ng HH, Robert F, Young RA, Struhl K (2003) Targeted recruitment 
of Set1 histone methylase by elongating Pol II provides a local-
ized mark and memory of recent transcriptional activity. Mol Cell 
11:709–719
Park HD, Luche RM, Cooper TG (1992) The yeast UME6 gene product 
is required for transcriptional repression mediated by the CAR1 
URS1 repressor binding site. Nucleic Acids Res 20:1909–1915
Perino M, Veenstra GJ (2016) Chromatin control of developmental 
dynamics and plasticity. Dev Cell 38:610–620
Pijnappel WW, Schaft D, Roguev A, Shevchenko A, Tekotte H, Wilm 
M, Rigaut G, Seraphin B, Aasland R, Stewart AF (2001) The S. 
cerevisiae SET3 complex includes two histone deacetylases, Hos2 
and Hst1, and is a meiotic-specific repressor of the sporulation 
gene program. Genes Dev 15:2991–3004
Pop C, Rouskin S, Ingolia NT, Han L, Phizicky EM, Weissman JS, 
Koller D (2014) Causal signals between codon bias, mRNA struc-
ture, and the efficiency of translation and elongation. Mol Syst 
Biol 10:770
Shearwin KE, Callen BP, Egan JB (2005) Transcriptional interference–
a crash course. Trends Genet 21:339–345
Sole C, Nadal-Ribelles M, de Nadal E, Posas F (2015) A novel role 
for lncRNAs in cell cycle control during stress adaptation. Curr 
Genet 61:299–308
Stern DL, Orgogozo V (2008) The loci of evolution: how predictable 
is genetic evolution? Evolution 62:2155–2177
Strahl BD, Grant PA, Briggs SD, Sun ZW, Bone JR, Caldwell JA, Mol-
lah S, Cook RG, Shabanowitz J, Hunt DF et al (2002) Set2 is a 
nucleosomal histone H3-selective methyltransferase that mediates 
transcriptional repression. Mol Cell Biol 22:1298–1306
588 Current Genetics (2018) 64:581–588
1 3
Sun SC, Zhang DX, Lee SE, Xu YN, Kim NH (2011) Ndc80 regu-
lates meiotic spindle organization, chromosome alignment, and 
cell cycle progression in mouse oocytes. Microsc Microanal 
17:431–439
Taggart J, MacDiarmid CW, Haws S, Eide DJ (2017) Zap1-dependent 
transcription from an alternative upstream promoter controls 
translation of RTC4 mRNA in zinc-deficient Saccharomyces cer-
evisiae. Mol Microbiol
Takahashi K, Yamanaka S (2006) Induction of pluripotent stem cells 
from mouse embryonic and adult fibroblast cultures by defined 
factors. Cell 126:663–676
van Werven FJ, Amon A (2011) Regulation of entry into gametogen-
esis. Philos Trans R Soc Lond B Biol Sci 366:3521–3531
van Werven FJ, Neuert G, Hendrick N, Lardenois A, Buratowski S, 
van Oudenaarden A, Primig M, Amon A (2012) Transcription 
of two long noncoding RNAs mediates mating-type control of 
gametogenesis in budding yeast. Cell 150:1170–1181
Wagner EJ, Carpenter PB (2012) Understanding the language of Lys36 
methylation at histone H3. Nat Rev Mol Cell Biol 13:115–126
Washburn BK, Esposito RE (2001) Identification of the Sin3-binding 
site in Ume6 defines a two-step process for conversion of Ume6 
from a transcriptional repressor to an activator in yeast. Mol Cell 
Biol 21:2057–2069
Wightman B, Ha I, Ruvkun G (1993) Posttranscriptional regulation of 
the heterochronic gene lin-14 by lin-4 mediates temporal pattern 
formation in C. elegans. Cell 75:855–862
Wittkopp PJ, Kalay G (2011) Cis-regulatory elements: molecular 
mechanisms and evolutionary processes underlying divergence. 
Nat Rev Genet 13:59–69
Wu H, Yang L, Chen LL (2017) The diversity of long noncoding RNAs 
and their generation. Trends Genet 33:540–552
Xiao T, Hall H, Kizer KO, Shibata Y, Hall MC, Borchers CH, Strahl 
BD (2003) Phosphorylation of RNA polymerase II CTD regulates 
H3 methylation in yeast. Genes Dev 17:654–663
Xie B, Horecka J, Chu A, Davis RW, Becker E, Primig M (2016) Ndt80 
activates the meiotic ORC1 transcript isoform and SMA2 via a 
bi-directional middle sporulation element in Saccharomyces cer-
evisiae. RNA Biol 13:772–782
Xu L, Ajimura M, Padmore R, Klein C, Kleckner N (1995) NDT80, 
a meiosis-specific gene required for exit from pachytene in Sac-
charomyces cerevisiae. Mol Cell Biol 15:6572–6581
